The number of individuals with gluten intolerance has increased dramatically over the last years. To date, the only therapy for gluten intolerance is the complete avoidance of dietary gluten. To sustain a strictly gluten-free diet, however, is very challenging. Therefore, there is need for a non-dietary therapy. Any such treatment must appreciate that the immunogenic part of gluten are gliadin peptides which are poorly degraded by the enzymes of the gastrointestinal tract. Probiotic therapy and oral enzyme therapy containing gluten-degrading bacteria (GDB) and their gliadin-digesting enzymes are possible new approaches for the treatment of gluten intolerance, however effectively isolating GDB for these treatments is problematic. The goal of this study was to develop an easy technique to isolate GDB rapidly and efficiently with the hope it might lead to newer ways of developing either probiotics or traditional medicines to treat gluten intolerance. Several researchers have already isolated successfully GDB by using gluten minimal or limited agar plates. Although these plates can be used to isolate bacteria which can tolerate gluten, further assays are needed to investigate if the same bacteria can also digest gluten. The agar plates we developed can detect bacteria which cannot only tolerate gluten but are able to digest it as well. Therefore, we were able to combine two steps into one step. Using such technologies, we were able to isolate five GDB from saliva and stool, and identified three bacterial reference strains with gluten-degrading activity. The technique we developed to isolate bacteria with gluten-degrading activity is fast, effective, and easy to use. The GDB isolated by our technology could have potential as part of a probiotic or enzymatic therapy for people with gluten intolerance.
Introduction
In the last few years, the number of people known or suspected to suffer from Celiac Disease (CD) and non-celiac gluten intolerance (NCGI) has increased dramatically. In both cases, the main cause is an inability to digest gluten. NCGI patients have similar symptoms when digesting gluten as CD patients do; however, NCGI is milder than CD and does not induce the gastrointestinal damage seen in CD patients. CD is an autoimmune disease and is mediated by T-cell activation in the gastrointestinal mucosa. 1, 2 NCGI is neither an allergy nor an autoimmune diseases, it is a food intolerance.
Gluten is not only difficult to digest for patients with CD and NCGI, but it is also difficult to digest for individuals without gluten intolerance. The difficulties humans have in digesting gluten are attributed to the fact that gluten has a high content of the amino acids proline and glutamine which are largely resistant to cleavage by the major human gastrointestinal digestive enzymes. 3 It has been hypothesized that bacterial enzymes have the potential to degrade gluten and may play an important role in preventing gluten intolerance. This was also confirmed by other studies which demonstrated that in CD gluten intolerance is caused by gluten peptides that escape intestinal degradation by the human body. Partially or undigested gluten in these patients can lead to a destructive immunological response in the proximal intestine of patients with CD or NCGI. [4] [5] [6] The only cure for CD and NCGI at the present time is a gluten-free diet, which can be very difficult to adhere to. Although more widespread than in the past, gluten-free products are still less available than products containing gluten; additionally, gluten-free products are more expensive than their wheat-containing counterparts. Cross contamination of gluten-free products is very common and gluten-derived products are found in many food items that seem to contain no wheat. Because of the difficulties of staying on gluten-free diets alternative therapies have been investigated. The potential to develop probiotics-containing gluten-digesting bacteria has led to increased interest in finding bacteria that might be used in therapeutic products or could be a source of genetic material that could be safely transplanted into organism currently used in safe probiotics. Current therapy for gluten intolerance includes the use of bacterial enzymes for oral supplementation that degrade gluten proteins in food before they reach the small intestine. 7 Another approach to benefit gluten intolerance is the supplementation of bacterial-derived enzymes to detoxify gluten during food processing and before administration to patients. Additionally it has been reported that probiotics, especially those found in the gastrointestinal tract (GI) have many benefits besides those related to gluten. These may have other health benefits for patients with other digestive diseases. 8, 9 There are many reports which have demonstrated that the GI may harbor many beneficial bacteria for patients. 10 Most GI-colonizing microorganism live in symbiosis with the host. The importance of these symbiotic bacteria has been reported in the past. 8, 9 It has been demonstrated that certain probiotics contain elements that digest or alter gluten. Other studies have expanded on the potential anti-inflammatory effects of Bifidobacterium infantis on gluten intolerance and especially CDs. Ingestion of probiotics containing these bacteria reduces the damage caused by eating gluten-contaminated foods and may even accelerate mucosal healing after the initiation of a gluten-free diet. 11 The problem with trying to identify GDB is that there are 20 billion oral microbes in the oral cavity alone. There are more than 700 bacterial species or phylotypes, of which, over 50% have not been identified. 12 With such a high concentration of bacteria, it is difficult to find those bacteria which can digest gluten. Although the technology used by Fernandez-Feo et al. 13 and Zamakhchari et al. 14 was able to identify bacteria which can tolerate gluten, it could not determine if the same bacteria was also able to digest gluten. Since the number of gluten tolerant bacteria on minimal gluten agar plates can be high, it is very time consuming to pick the right colony. Additionally, they had to employ other techniques to test the gluten-degrading ability of the bacteria. We have developed a rapid and easy technique to isolate such bacteria by modifying the Kirby-Bauer agar diffusion test. 15 Using our method we isolated five different bacterial species from saliva and feces capable of digesting gluten and believe we can easily isolate more.
In this study however, our goal was not to completely catalog all gluten-digesting bacteria but rather to develop a technology that would allow us to screen for bacteria with this ability. It is noteworthy, however, that using this method reported here, we identified two bacterial species previously reported by Fernandez-Feo et al. 13 and Zamakhchari et al. 14 to have gluten-digesting ability. Thus, we and the other authors identified Rothia species and Streptococcus species as GDB. However, we also identified six additional bacteria which have not been previously mentioned in the literature as gluten-digesting bacteria.
Gluten-digesting bacteria isolated from the saliva or the feces could have great potentials in developing a probiotic therapy for CD and NCGI.
Material and methods

Collection of saliva samples
The collection of human saliva was approved by the Institutional Review Board at the University of California, Irvine. The saliva was collected from four healthy gluten tolerant individuals, two men and two women, using passive drool as described by Salimetrics (State College, PA, USA). Clients were asked to rinse their mouth with water 10 min prior sample collection. Subsequently, clients were asked to allow saliva to pool in the mouth and then to spit into a 50 mL tube. At least 2 mL saliva was collected per client. The saliva was immediately used and the rest was frozen at À20 C.
Collection of stool samples
Each subject collected stool specimens by passing feces into plastic wrap stretched loosely over the toilet bowl and transferred into container which was stored at À80 C until use.
Determination of the optimal amount of gliadin to be dissolved in alcohol and added to Luria Broth (LB) agar plates
We used gliadin for our experiment since it has been reported that gliadin is the immunogenic part of gluten in individuals with gluten intolerance. Initial experiments determined the optimal amount of gliadin to add to LB agar plates. This was done by adding 1 g gliadin to various amounts of 60% ethanol. After determining the maximal amounts of gliadin that could be dissolved in ethanol, we added increasing increments to 20 mL of LB agar to produce an opaque appearance. The cloudiness of the plates was important for identification of GDB but too much gliadin dissolved in ethanol can inhibit bacteria growth on the plates so the optimization had to be done carefully.
Preparing gliadin plates to isolate gluten-degrading bacteria
One gram of gliadin was added to 22 mL of 60% ethanol and incubated overnight at room temperature on a shaker. This solution was centrifuged for 2 min at 300 r/min and the supernatant was removed. Eight hundred-fifty microliters of supernatant was then added to the 20 mL LB agar media. When the plates were solidified they were stored at 4 C.
Testing bacteria reference strains for gluten degradation activity
Reference strains were purchased from the American Type Culture Collection and included: Klebsiella pneumonia (K. pneumonia-ATCC 700603), Serratia marcescens (S. marcescens-ATCC 13477), Escherichia coli (E. coli-ATCC 25922), Enterobacter cloacae (E. cloacae-ATCC 10699), and Staphylococcus aureus (S. aureus-ATCC 29213).
A strain of Pseudomonas aeruginosa (P. aeruginosa) was obtained from the clinical laboratories at UCI Medical Center and typed by Vitek Method. Bacteria were inoculated on gliadin plates and inoculated at 37 C for two days aerobically and anaerobically. After two days the plates were observed for a clear zone around the bacterial colony.
Culturing of oral microorganisms from saliva
Saliva samples were diluted either 100-fold or 1000-fold and 20 mL of each dilution was plated on LB plates containing gliadin, respectively. Subsequently, the plates were incubated for a period of two days aerobically or anaerobically and checked periodically for the development of a clear zone around the colonies (Figure 1 ). Each colony found to have a surrounding clear zone was subcultured onto a gluten-containing plate and incubated at 37 C for one day to verify their ability to digest gluten ( Figure 2 ). Bacteria which demonstrated gluten-digesting activity after subculture were kept at À80 C in a glycerol/LB broth mixture
Culturing of microorganism from the stool One gram of stool was dissolved in 10 mL of saline and diluted 100-fold, 1000-fold, and 10,000-fold. Twenty microliters of each dilution was spread on gliadin plates and incubated aerobically or anaerobically at 37 C for 1-3 days maximum. Each day the plates were inspected for gluten-digesting bacteria, determined by a clear zone around the bacteria colony. Each colony was subcultured on a new gliadin plate and incubated at 37 C overnight and observed again in the development of a clear zone around the colony to ensure their ability to digest gliadin.
Bacterial identification by 16 S rDNA
Bacterial colonies with gluten-degrading activity were identified by 16 S rDNA analysis. DNA extraction was performed using the Zymo DNA extraction kit (Zymo, Irvine, CA), following the manufacturer's instructions for the isolation of genomic DNA. Briefly, 2 mL of the isolated bacterial DNA was used to amplify the 16 s rRNA using 25 mL Zymotaq PCR premix, 2 mL primer Forward 27 F (AGA GTT TGA TGC TGG CTC AG) (20 pmol), 2 mL primer Reverse 735 R (TAT ATC CTG TTC GCT ACC) (20 pmol), 2 mL dNTP (dATP/dCTP/dGTP/dTTP), and 19 mL H 2 O, having a final volume of 50 mL. The samples were amplified in the MJ thermal cycler using 35 cycles with the initial denaturation step of 95 C for 10 min, followed by 35 cycles using 95 C for 30 s, an annealing temperature of 55 C for 40 s, and an extension step of 72 C for 1 min. After 35 cycles, a 72 C extension step for 7 min was applied. To analyze the PCR product the samples were loaded onto a 1.5% agarose gel containing ethidium bromide. The amplified DNA fragment had a size of 708 bp and was visualized under UV light. The samples were sequenced by Retrogen. The sequences of the individual bacteria were identified by using BLAST search at the National Center of Biotechnology Information website (http://www.ncbi.nlm.nih.gov).
Degradation of gluten by bacteria or the bacteria free supernatant
The supernatant from media in which gluten-digesting bacteria were grown was tested for the ability to digest gluten. Each individual bacterial strain was incubated overnight in LB media at 37 C. The next day the OD was measured for each culture and diluted to an OD of 1.2. One hundred microliters of a bacterial suspension with an OD of 1.2 was cultured in LB media containing 6.5% gliadin or no gliadin. Each strain was incubated alone or in combination with one, two, or three other strains for two days at 37 C. After two days, the bacteria were centrifuged at 3500 g for 5 min and the supernatant was transferred into another tube and filtered through a 0.22 mm nitrocellulose filter. Seventy-five microliters of the filtered supernatant or the bacteria was added to each well within the diffusion assay agar plates which contain LB media and 0.2% gliadin. After 24 and 48 h the plates were investigated for a clear zone around the bacterial colonies. 
Results
Optimization for gliadin plates
The optimal concentration of gliadin was 1 g in 22 mL of 60% ethanol. It was further determined that 0.85 mL of this solution when added to 20 mL of the LB agar was optimal for the production of the plates used to test for gliadindigesting bacteria. Plates produced in this manner were opaque and used to differentiate between GDB and non-GDB without affecting the growth of the bacteria. The cloudiness of the plates reflects the concentration of gliadin within the agar. Plates prepared according to this protocol were stored at 4 C until use.
Testing of bacterial reference strains for gliadin degradation activity
Gluten-degrading activity could be visualized through the clear zone produced on the gliadin-containing agar plates. This clear zone around the bacteria or the bacterial supernatant indicates the ability of the bacteria/supernatant to remove the gliadin from the plates and thus demonstrates the ability to digest gliadin, the immunogenic part of gluten.
Of the six reference strains tested, S. marcescens and P. aeruginosa demonstrated significant ability to digest gliadin under aerobic and anaerobic conditions. The supernatant of P. aeruginosa, devoid of bacteria, was also found to degrade bacteria. S. aureus demonstrated weak glutendegrading activity compared to our other stains. All bacteria were able to grow on gliadin plates ( Table 1) .
Isolation of bacteria from the saliva and the stool
Eleven bacterial strains were isolated from the saliva of four individuals (two men and two women) and three bacteria were isolated from the stool of one individual (Tables 2  and 3 ). All were able to digest gluten as demonstrated by the appearance of a clear zone around colonies when cultured on plates as described earlier. Each colony which could digest gluten was subcultured to verify gluten-digesting activity. Only one of the 14 strains failed to digest gluten after subcultured.
Identification of the isolated bacteria
To determine the species of the bacteria, the 16sRNA was amplified and subsequently sequenced. All 13 bacteria strains were sequenced. The sequence of the individual bacteria was identified using BLAST methods searched on the NCBI website (http://www.ncbi.nlm.nih.gov). The 13 isolated strains were identified as follows: Streptococcus salivarius (S. salivarius-one strain), Bacillus pumilus (B. pumilus-four strains), Rothia dentocariosa (R. dentocariosa-five strains), Bacillus subtilis (B. subtilis-one strain), and Staphylococcus epidermis (S. epidermidis-two strains). B. pumilus was isolated from both the stool and also from the saliva. The other bacterial strains could only be isolated from the saliva ( Table 4) . Rothia species and Streptococcus species were previously described in the literature as gluten-digesting bacteria and thus help validate our technology as a useful tool for the isolation of GDB (Figure 3 ).
Degradation of gliadin by bacteria or bacteria free supernatant
The bacteria and the bacteria free supernatant from all bacteria described earlier were used to determine if the Table 1 Different bacterial reference strains and their ability to digest gliadin
Reference strain
Gliadin degradation activity
Klebsiella pneumonia No
Serratia marcescens Yes
Pseudomonas aeruginosa Yes
Escherichia coli No
Staphylococcus aureus
Yes AE very weak 
Enterobacter cloacae No
Bacillus pumilus þ þ
Rothia dentocariosa þ -
Bacillus subtilis þ
Staphylococcus epidermis þ -supernatant from the bacteria culture or only the bacteria could degrade gliadin. All bacteria were able to degrade gluten. The supernatants of B. subtilis, B. pumilus, and P. aeruginosa from a two-day culture were also able to degrade the gluten without the presence of the living bacteria (Figure 4 ). S. salivarius, R. dentocariosa, S. marcescens, S. aureus, and S. epidermis were only able to degrade gluten in the presence of the bacteria, and their supernatants demonstrated no gluten-degrading activity ( Table 5 ).
Discussion
We developed a rapid and easy technique to isolate bacteria with gluten-degrading activity from various parts of the GI tract. While agar plates are a common technology to isolate bacteria, there are no agar plates which can identify GDB.
There are manufactures who have developed gluten-containing agar plates to identify bacteria which can tolerate gluten. 13, 14 The disadvantage of these plates is that further assays are needed to determine if the gluten tolerant bacteria can also digest gluten. However, we modified the Kirby-Bauer agar diffusion assay 15 and developed an agar plate that could not only isolate bacteria which can tolerate gluten but which could also identify bacteria which can digest gluten. Using our developed technique we were able to successfully identify five bacterial strains from human saliva and feces capable of degrading gluten. In addition, six bacterial reference strains were tested for gluten degradation activity. Three of the six strains were able to degrade gluten under both aerobic and anaerobic conditions. This easy technique demonstrates how glutendegrading bacteria can be easily isolated from the feces and saliva. While we used this method to isolate bacteria from Table 4 We were able to isolate several gliadin-digesting bacteria species multiple times from the saliva or feces. R. dentocariosa was isolated five times and thus the most frequent isolated bacteria strain followed by B. pumilus.
Bacterial strains Number of isolation
Streptococcus salivarius 1
Bacillus pumilus 4
Rothia dentocariosa 5
Bacillus subtilis 1 humans, we believe this same method can be used to isolate bacteria that degrade gluten from other environmental sources as well. We focused on isolating bacteria with gluten-degrading activity since it has been hypothesized that inadequate digestion of gliadin is responsible for CD and NCGI. Gliadin is a part of gluten that can be found in wheat, rye, and barley. Gluten is classically divided into two groups: the monomeric gliadins and the polymeric glutenins. There are at least 50 gliadin epitopes that exert immunomodulatory, cytotoxic, and gut-permeating activities. 16 The most important gluten peptide, regarded as one of the most CD-immunodominant gluten peptides, is 33-mer a-gliadin which is resistant to the action of proteases. 17, 18 However, there are other gluten peptides also in the W-gliadin group which have immunomodulatory activities. [18] [19] [20] [21] [22] Although a gluten-free diet is the cure for gluten sensitivity, life on a gluten-free diet can be difficult due to several reasons-expense, contamination of gluten-free products with gluten, products with gluten-derived ingredients, availability, inadequate food labeling, and insufficient knowledge about gluten. Complications of untreated CDs or gluten intolerance can be severe. Gluten sensitivity is not just a disease of the gut, it is a multiorgan, multisymptom disease. It has been reported that CD can lead to malnutrition, 23 osteoporosis, 24 neurological [25] [26] [27] and psychiatric 28 complications and cancer such as lymphoma. 29, 30 Additionally, individuals with CD have a significant increase of other autoimmune disorders. 31 NCGI has overlapping similarities with CD but the effects of gluten are generally less severe. NCGI has been detected in numerous individuals with irritable bowel syndrome. In the large study performed by Carroccio et al., 32 30% of subjects with IBS-like symptoms suffered from wheat sensitivity or multiple food hypersensitivities. Leffler et al. 33 demonstrated that the sensitivity to gluten exposure varies greatly between individuals with gluten intolerance. In some cases, a tiny amount of gluten is enough to induce disease. Since some of these reactions are silent, they may not be recognized but may still result in damage to the body.
Other treatment options besides a gluten-free diet for people with CD or NCGI have been suggested. One of these treatments is the development of an oral probiotic and enzyme therapy. The eight different bacteria strains isolated in this experiment, three reference strains and five strains isolated from saliva or stool were able to degrade gliadin and could possibly be part of such treatment. B. subtilis, B. pumilus, and P. aeruginosa did not have to be present to permit gluten digestion. At the present time we are not sure what substances these three bacteria secrete which have extracellular gliadin-degrading activity. We did not observe this in the rest of the bacteria. However, it has been demonstrated that certain bacteria contain glutenase, a proline-specific and glutamine-specific endopeptidases which can modulate the toxic effect of gliadin. Glutenase has been isolated from various organisms such as fungi, barley, and also bacteria. 34, 35 To achieve a more complete digestion of gluten and specifically its immunogenic domains, the proline-and glutamine-rich regions which are highly resistant to degradation by gastric and pancreatic proteases [36] [37] [38] need to be digested before they can be absorbed and used by the body. Therefore, treatments which can accomplish digestion of gluten could be useful.
Glutenases are currently intended as oral enzyme supplements which could be used in conjunction with a gluten-free diet to diminish the toxicity of accidental gluten exposure. The bacteria we isolated from the saliva have all gliadin degradation activity. Since four of these bacteria have been shown to colonize the intestine and also the oral cavity they would be good candidates for a gluten digestive probiotic treatment. B. pumilus and B. subtilis have also been reported to be of great value as probiotics. 39 B. subtilis can also enhance viability of other probiotics such as Lactobacillus reuteri, 40 and in combination with lactulose is an effective and safe therapeutic method for elders with functional constipation. 41 S. salivarius has already been tested as an oral probiotic and is in use for the prevention of oral diseases. 42 R. dentocariosa is very common in the oral cavity and is described in many papers. 43 The other identified strains such as S. marcescens and S. aureus which have gliadin degradation activity are unlikely to be considered for probiotic therapy since they can be human pathogens. However, since all three have a strong gliadin-degrading activity, their enzymes and/or substance responsible for this activity could be used for treating CD and NCGI. This might be especially true for the substance derived from P. aeruginosa, since the supernatant of this bacteria culture could digest gliadin without the presence of the bacteria. The most important enzyme reported for the use of an oral enzyme or probiotic therapy is glutenase. Since a number of microbes exhibit glutenase activity, we hypothesize that the gliadin degradation activity of our bacteria is also glutenase based. However, since at the present moment we were only interested in developing a rapid and easy technique to identify bacteria with gliadin degradation activity, we did not define the gliadin-degrading substance any further; however, two of our bacteria, R. dentocariosa and S. salivarius, belong to a group of bacterial species which have already been reported in the literature to have gliadin-degrading activity and especially glutenase activity. 13, 14, 44 That we were able to identify two bacterial species which have been well described in the literature as bacteria with gluten-digesting abilities 13, 14 helps validate the usefulness of our technology. The clear zone around these two bacteria, R. dentocarios and S. salivarius ( Figure  3 ), which both belong to a group of bacterial species which are well characterized as gluten-digesting bacteria, confirms that GDB produce a clear zone around their colonies demonstrating their ability to digest the gluten in the agar plate. Using this technology the isolation and identification of gluten-digesting bacteria can be done within two days, which is also an improvement over other techniques used to isolate such bacteria. Further studies are underway to isolate and investigate more gluten-digesting bacteria in the oral cavity.
We believe that the method developed here to isolate GDB could be an important tool for the detection of gluten-digesting bacteria in our environment and the human flora. This technique could have great potential for the development of an oral probiotic or enzyme therapy that could be helpful for people with CD and NCGI.
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